Sweden consists of 21 counties, each of which decides which PCV to use in the childhood immunization program. PCV7 was introduced in Sweden in January 2009, although some counties started vaccination in [2007] [2008] . From October 2009 onward, all counties switched from PCV7 to either PCV10 or PCV13. We compared differences in serotype-specific incidences of IPD following introduction of either PCV10 or PCV13 in Sweden.
METHODS

Study Population and Design
This is a population-based cohort study of the impact of PCVs in the childhood immunization program in Sweden (population 9.8 million). Introduction of PCV7, PCV10, or PCV13 in the childhood immunization program and the population of the 21 counties in Sweden are presented in Supplementary Figure 1 , A and B. A 3-dose vaccine schedule (3, 5 , and 12 months of age) was used for all PCVs, without catch-up vaccination. The vaccine coverage of 3 doses of PCV was about 97% for children aged 0-2 years in 2012 (Supplementary Table 2 ). Data on vaccine failures are presented in the Supplementary Materials.
Since July 2004, clinicians/hospitals and laboratories have been required to report IPD cases to the Public Health Agency of Sweden, and since 2007, IPD isolates have been serotyped using gel diffusion and/or Quellung reactions [21] . Invasive pneumococcal disease was defined as isolation of pneumococci from sterile locations (blood, cerebrospinal fluid, etc). An IPD episode was defined as pneumococci isolated >30 days apart. For 2 patients, different serotypes were isolated 19 and 30 days apart respectively. These were classified as different episodes. Five cases were excluded due to suspected double infections (isolation of 2 serotypes on the same day). Antibiotic susceptibility for penicillin G, using discs and E-test, was assessed according to EUCAST nonmeningitis breakpoints (http://www.eucast.org) [22] . Only patients with a Swedish personal identification number were included. Data on population size for different age groups and counties were retrieved from Statistics Sweden (Supplementary Figure 1B) . Nonvaccine types were defined as serotypes not included in PCV13. The study was approved by the ethical committee (Stockholms centrala etiska kommitté, EPN 2007/66-31).
Statistical Analysis
Yearly incidences of IPD in Sweden during 2005-2016 were calculated for the age groups 0-4, 5-64, and ≥65 years. For serotype-specific incidences, cases from 2007-2016 were used. Serotypes for IPD episodes with missing data were imputed using multivariate imputations by chained equations (Supplementary Material; Supplementary Table 3) [23] . Incidence rates and rate ratios were calculated with Poisson regression, and an exact method (package exactci [version 1.3-1]) on the observed data was used when the imputed data contained zeros. Incidence rate ratios were estimated by comparing incidences from the period 2013-2016 (post-PCV10 or -PCV13) with incidences from 2007 (pre-PCV7) and [2007] [2008] [2009] (pre-PCV10 or -PCV13). The Simpson index of diversity was calculated to assess differences in serotype diversity [24] . Logistic regression analyses were used to check for significant trends regarding nonsusceptibility to penicillin G. All statistical analyses were performed in R, version 3.4.0 (http://www.r-project-org/). Two-sided P values <.05 were considered statistically significant.
RESULTS
Patient Population
In total, 16 Table 3 ).
Overall Effect of Pneumococcal Conjugate Vaccines in Sweden
The overall IPD incidence was 15.5 per 100 000 population in 2005. It then peaked at 19.6 per 100 000 population in 2008, declined to 11.8 per 100 000 in 2014, and increased slightly to 13.4 per 100 000 population in 2016 ( Figure 1A ). Among children aged <5 years, there was a decrease from the peak of 19. (Table 1) . PCV7 serotypes decreased and NVTs increased in both vaccinated and nonvaccinated age groups (Supplementary Figure 2) . In the elderly, NVTs increased from 9.8 per 100 000 population in 2007 to 31.0 per 100 000 population in 2016, and 71.7% of the IPD episodes in this age group were caused by NVTs in 2016 . The most  prominent NVTs in 2016 were 22F, 9N, 8, 12F, 6C, 15A, 24F, 11A,  10A, 23B , and 33F, in descending order (Supplementary Figure 3) . The IPD incidence of serotype 1, 5, and 7F, included in PCV10/ PCV13, declined in all age groups after PCV10/PCV13 introduction. During 2013-2016, only 1 case caused by these serotypes in children aged <5 years was identified (Table 1 ; Supplementary  Figure 2 ). For serotypes 3, 6A, and 19A, which are only included in PCV13, there was a reduction in incidence of serotype 6A but an overall increase in incidence of serotypes 3 and 19A, although results were dependent on vaccine used. (2013-2016) was introduced. The overall reduction in the IPD incidence rate after vaccine introduction compared with before vaccine introduction was not significantly different between PCV10 and PCV13 counties, although there was a slightly higher incidence in 2007 among the population in counties using PCV10 ( Figure 1B ; Table 2 ). Invasive pneumococcal disease caused by PCV7 serotypes decreased significantly in all age groups using either vaccine (Supplementary Figure 4) .
For the 3 extra serotypes, 1, 5 and 7F, which are included in both PCV10 and PCV13, a similar decline in incidence rates in the whole population was observed in counties using either vaccine (Table 2 ; Supplementary Figure 4) . Three years after introduction of the vaccines, no cases of these serotypes were identified in the youngest children regardless of vaccine used.
For serotypes 3, 6A, and 19A, which are included in PCV13, we found a significant decline in the incidence of serotype 6A following vaccine introduction in both PCV10 and PCV13 counties in the whole population (Table 2; Figure 2A and B). In contrast, the incidence of serotype 19A in older age groups increased significantly in PCV10 counties as compared with PCV13 counties. Although the results in children aged <5 years need to be interpreted cautiously due to few events, there was a significant reduction of serotypes 3, 6A, and 19A combined in PCV13 counties, primarily due to a reduction of serotype 19A (Table 2) . In PCV13 counties, there were no cases of serotype 19A among children aged <5 years in 2013-16 compared with an incidence of 1.1 per 100 000 population in PCV10 counties (Table 2 ; Supplementary Figure 5) . The results were similar for children aged 0-2 years (Supplementary Table 4 ). There was no significant reduction of serotype 3 irrespective of vaccine used for any age groups.
Importantly, we found an increased incidence of NVTs that was significant in both PCV10 and PCV13 counties for all ages ( Table 2, Supplementary Table 5A ). The increase in NVTs was most pronounced in the elderly, with an increase of 11.8 and 14.4 per 100 000 population for PCV10 and PCV 13 counties (P < .001 for both county groups), respectively, between 2007-2009 and 2013-2016 (Table 2) . Also, among persons aged 5-64 years, there was an increase in NVTs in both county groups. Among children aged 0-4 years, no significant increase in NVTs was observed in PCV10 (P = .1) and PCV13 (P = .25) counties; however, when all counties in Sweden were combined, NVTs increased significantly (P < .001) (Tables 1 and 2 ). A, All counties. B, Counties using only pneumococcal conjugate vaccine 10 (PCV10) or pneumococcal conjugate vaccine 13 (PCV13). Age group 0-4 years is shown in blue; age group 5-64 years is shown in red; age group >65 years is shown in green; total incidence in purple. The solid line indicates counties using PCV10. The dotted line indicates counties using PCV13. Blue background indicates when PCV7 was used in the child immunization program. Yellow background indicates when PCV10 or PCV13 was used in the child immunization program. Abbreviations: PCV7, pneumococcal conjugate vaccine 7; PCV10, pneumococcal conjugate vaccine 10; PCV13, pneumococcal conjugate vaccine 13. Comparison of rate ratios (95%  CI) b (2) vs (1) Pre-PCV10 incidence 3-29.3) 2.73 (1.95-3.83) 2.12 (1.78-2.53) 1.16 (.89-1.49) In the elderly, we observed that between 2007 and 2013-2016 the incidence of serotype 19A+NVTs increased by 18.5 per 100 000 population for PCV10 counties and 17.2 per 100 000 population for PCV13 counties (Supplementary Table 5B ). Moreover, we assessed changes in the incidence of the most common NVTs. Serotype 6C increased more in PCV10 than in PCV13 counties (Figure 3 ). The incidence of serotype 6C increased from 0.05 per 100 000 population in 2007-2009 to 1.2 per 100 000 population in 2013-16 in PCV10 counties (incidence rate ratio [IRR], 23.4; 95% CI, 3.9-139.8) and from 0.1 to 0.3 per 100 000 population in PCV13 counties (IRR, 2.7; 95% CI, 1.2-6.3; P for interaction = .048). In 2016, we observed an increase in serotypes 12F and 15A, mainly in PCV13 counties, and of 35F and 23B in PCV10 counties. When NVTs excluding 6C were assessed in the elderly, the incidence of NVTs increased by 7.6 per 100 000 in PCV10 counties and by 13.7 per 100 000 population in PCV13 counties (Supplementary Table 5B ).
There were no differences in the 
DISCUSSION
In this article we present 7 years of national follow-up data on serotype-specific IPD incidence after introduction of first PCV7 and then either PCV10 or PCV13 in the child immunization program in Sweden. We found that both vaccines were successful in reducing the incidence of IPD in vaccinated children, 1--8.0) 2.41 (1.92-3.0) 2.1 (1.8-2.4) 1.08 (.88-1.31) which is in agreement with studies from other countries [13, 14] . Yet, the IPD incidence in the elderly from the pre-to the postvaccination period was unchanged in Sweden (from 42.7 per 100 000 population in 2005 to 43.6 per 100 000 population in 2016). In contrast, the United States, England and Wales, the Netherlands, and Denmark reported an overall IPD reduction of up to 25% among patients aged >65 years [10, 13, 14, 20] . We estimated the number of reduced cases by age group and in total for Sweden by comparing the prevaccination period 2007-2009 to the postvaccination period 2013-2016 and by calculating differences with the observed data. This resulted in a point estimate of 2082 reduced cases in the post PCV10/PCV13 period, or approximately 500 cases per year. The respective estimates per age groups were 185 cases in the age group 0-4 years, 1095 cases in the age group 5-64 years, and 802 cases in the age group >65 years. The reduction observed for the elderly was affected by the peak in IPD incidence in 2008 ( Figure 1A ).
We observed a major shift in the serotype distribution, where serotypes included in PCV7 diminished, whereas NVTs increased from 3.1 per 100 000 in 2007 to 9.2 per 100 000 in 2016 in the whole population. The largest increase was observed among the elderly, with an increase in NVTs by 21.2 cases per 100 000 population between 2007 and 2016. In 2016, 69.2% (n = 900/1300) of all serotyped isolates were NVTs, and in the elderly, NVTs constituted 71.7% (n = 597/833) of all serotyped isolates. The ecological niche for pneumococci is the nasopharynx of healthy children, and in agreement with our findings, we observed that 94% of pneumococci found in nasopharyngeal childhood carriage in 2015 in Stockholm were NVTs [25] . Previously minor NVTs expanded during 2016, some potentially carrying antibiotic resistance, such as 15A [26] . However, the serotype diversity did not change significantly (P = .98 for PCV10 and P = .07 for PCV13 counties), in contrast with what we found previously in carriage [11, 25] , although PCV10 counties showed a lower Simpson index than PCV13 counties after vaccination.
In a previous prevaccination study we found that patients infected with NVTs had more underlying diseases [27] , but whether infections with NVTs show different clinical manifestations remains to be investigated.
We compared the impact of using PCV10 or PCV13 in different counties and found that the additional serotypes present in both vaccines decreased irrespective of vaccine used. However, the impact on the additional serotypes included only in PCV13 differed. The incidence of serotype 6A decreased, whereas the incidence of serotype 3 remained similar with both vaccines. In comparison, a reduction in IPD caused by serotype 3 was observed in all age groups after PCV13 introduction in England and Wales, but not in the United States [13, 14] . A limited reduction of the incidence of serotype 3 after PCV13 introduction might be due to secular trends, but poor immunogenic response induced by the vaccine is another possible explanation [15] . In all age groups, serotype 19A increased 7-fold from 2007 to 2013-2016 in Swedish counties using PCV10, whereas the incidence remained unaltered in PCV13 counties. However, in 2016 we observed a lower incidence of IPD caused by serotype 19A in PCV10 counties, which could be due to random variation or possibly by increased herd immunity in the population [28] . Follow-up studies will reveal the cause. In children aged <5 years, there was no IPD caused by serotype 19A in PCV13 counties in 2013-2016, whereas the incidence was 1.2 per 100 000 population in PCV10 counties. Other countries have observed an overall reduction of IPD caused by serotype 19A after PCV13 vaccination [13, 14] . In the Netherlands a reduction of IPD caused by serotype 19A was observed after PCV10 introduction. This was not concluded to be due to cross-protection of PCV10, and serotype 19A had already decreased in carriage in toddlers before PCV10 was introduced [20] . Vaccination with PCV7 in Sweden might have selected for serotype 19A and it has continued to increase with PCV10, but not with PCV13. The increase in serotype 19A, primarily in nonvaccinated age groups, might reflect a lack of impact of PCV10 on carriage of serotype 19A in the nasopharynx [18] .
Interestingly, we observed an increase in serotype 6C in PCV10 counties that was not observed in PCV13 counties. Possibly this indicates that serotype 6A, which is included in PCV13 but not in PCV10, offers a cross-protection against serotype 6C. However, although serotype 19A decreased in children and we found a possible cross-protection with serotype 6C using PCV13, the overall relative impact on the IPD incidence of the 2 vaccines was not significantly different (P = .29). One explanation for this could be that NVTs excluding serotype 6C were higher for PCV13 than for PCV10 counties in the elderly.
Nonsusceptibility to penicillin G was approximately 3% in 2007-2012 but increased to approximately 6% in 2013-2016, mainly due to an increase in nonsusceptible NVTs, primarily serotypes 15A and 23B. Although there was a large reduction in the incidence of PCV7 serotypes after vaccination, 24% of PCV7 serotypes in 2016 were nonsusceptible to penicillin. Hence, the prevalence of nonsusceptible isolates within PCV7 types was higher in 2016 than before vaccination, which indicates differential vaccine effects or nonvaccine related causes (eg, antibiotic pressure).
In Sweden, vaccination coverage is high, and it is mandatory to report all cases of IPD, which ensures high validity. Reporting bias of IPD is limited because both laboratories and clinicians report IPD cases. Also we found no major increase in other invasive infections (ie, of Neisseria meningitidis or Haemophilus influenzae) (Supplementary Figure 7) . However, allocation to PCV10 or PCV13 usage was nonrandom and depended on negotiation in the respective counties, and we cannot exclude underlying differences between counties using PCV10 or PCV13, although sociodemographic differences were minor (Supplementary Table 2 ). The largest city in Sweden, Stockholm, is a PCV13 county. We had a limited study size to evaluate serotype-specific effects in children. Hence, our data with regard to vaccine impact in children need to be interpreted with caution. Also our data were restricted to IPD cases, and the serotype distribution might differ for pneumococcal pneumonia, which is the major manifestation of pneumococcal infections.
In conclusion, our data show a protective effect of both vaccines, with a substantial reduction of IPD in the youngest vaccinated children but a limited overall effect in the elderly due to a vast expansion of NVTs. This limits the potential impact of using current pediatric PCVs to vaccinate the elderly. By comparing PCV10 and PCV13 immunization programs in the same country, we showed cross-protection between serotypes 6B and 6A but not between serotypes 19F and 19A, and it seems that serotype 6A in PCV13 has protective effects on serotype 6C, whereas the type 3 component in PCV13 provided no protection. Yet, the overall effect on IPD incidences in the whole population was not significantly different irrespective of vaccine used. The incidence of serotypes, where the effect of the vaccines differed, will influence the cost-effectiveness of which vaccine to use in immunization programs.
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